Optical Unification
An enduring issue in string theory has been the discrepancy between the SU(3) C × SU(2) L × U (1) 17 [2] . Three types of solutions have been proposed to resolve this factor of 20 disagreement [3] . One proposal is a grand unified theory between Λ U and Λ H . Here the MSSM couplings merge at Λ U and then run together within a GUT to Λ H . However, with the exception of flipped SU(5) [4] (or partial GUTs such as the Pati-Salam SU(4) C × SU(2) L × SU(2) R [5] ) string GUT models based on level-one Kač-Moody algebras encounter a difficulty: they lack the required adjoint higgs (and higher representations). Alternately, strong coupling effects of M-theory can lower Λ H down to Λ U [6] . Conversely, intermediate scale exotics could shift the MSSM unification scale upward to the string scale [7] .
The near ubiquitous appearance of MSSM-charged exotics in heterotic string models adds weight to the third proposal.
* If MSSM exotics exist with intermediate scale masses of order Λ I , then the actual [321] running couplings are altered above Λ I . It is then, perhaps, phenomenologically puzzling that the illusion of MSSM unification should still be maintained when the intermediate scale MSSM exotics are ignored [11] . Maintaining this illusion likely requires very fine tuning of Λ I for a generic exotic particle set and Λ H . Slight shifting of Λ I would, with high probability, destroy appearances. Thus, in some sense, the apparent MSSM unification below the string scale might be viewed as accidental [12, 11] .
A mechanism whereby the appearance of a Λ U is not accidental would be very appealing. Just such a mechanism, entitled "optical unification," has recently been discussed by Joel Giedt [11] . Optical unification results in Λ U not disappearing under shifts of Λ I . Instead, Λ U likewise shifts in value. This effect is parallel to a virtual image always appearing between a diverging lens and a real object, independent of the position of the lens or real object. Hence, Giedt's choice of appellation for this mechanism.
Successful optical unification requires three things [11] . First, the effective level of the hypercharge generator must be the standard
( 1.1) pair, respectively The models of [19] , [20] , and Table 5 model of [21] each contain 3 pairs. The [322] left-right symmetric models 1, 2, and 3 of [22] contain one, four, and two pairs, while the model of [23] contains three pairs. Thus, the models of [16] , [17] , and [18] , along with models 1 and 3 of [22] , contain too few SU(3) exotics to generate optical unification. The basis vectors of the [18] , [19] , and [20] models are the same. The variations among the corresponding models are solely a function of some differing GSO phase choices. Noting this, we have investigated further variations in GSO phase choices for these basis vectors.
‡ Our investigation has resulted in five additional models, denoted FCREU1 through FCREU5, which respectively contain four pairs, three pairs, two pairs, no pairs, and, again, no pairs of exotic triplets/anti-triplets. The gauge groups and MSSM-charged exotic particle content of these models appear in Table A1 . The corresponding GSO phase variations from those of [18] are listed in Table A2 .
Of the [321] models with three or more exotic 3/3 pairs, we focus on model FCREU1 with its 4 exotic pairs. (In Table A3 we list the complete set of states of this model and their charges.) Each of the other models presents difficulties: The model of [20] contains too few exotic doublets (only three rather than four) to satisfy (1.3) . The model FCREU2 with three exotic triplet/anti-triplet pairs contains nine exotic SU(2) L doublets, but six of these doublets are coupled in pairs via a custodial SU(2) C . Further, with regard to MSSM exotics, model FCREU1 is an enhanced version of the model in [19] . Any optical solution involving exactly three triplet/antitriplet pairs from model FCREU1 is also a solution for the model of [19] (and vice versa). The left-right symmetric models of [22] and [23] with three or more exotic 3/3 pairs will be discussed in a separate paper.
The MSSM-charged exotics of model FCREU1 are four SU(3) C 3/3 pairs, three SU(2) L doublet pairs, and seven pairs of MSSM exotic non-Abelian singlets carrying Q Y = ± . None of the exotic SU(2) L non-higgs doublets carry hypercharge. For successful optical unification, when all four 3/3 exotic pairs receive intermediate scale masses, all three pairs of exotic non-higgs doublets must also. Further, the total contribution to δb Y from all 3/3 pairs is 2 1 6 , while (1.2) requires a total δb Y = 2 2 3 . Since the exotic non-higgs doublets have no hypercharge, the remainder of 2 must be provided by exactly two exotic singlets, each contributing 1 4 to δb Y . The six remaining pairs of exotic singlets must acquire FayetIliopoulos (FI) scale masses.
If one exotic 3/3 pair receives near string scale mass, leaving only three exotic 3/3 pairs to receive intermediate scale masses, the total triplet/anti-triplet contribution ‡ Because of the symmetries within the basis vectors generating these models, differing GSO phase choices can yield identical models. The complete set of models produced from the distinct GSO phase choices for the basis vectors of [18] will be discussed elsewhere.
to δb Y can be 2, 1 3 4 , or 1 1 2 , depending on whether zero, one, or two intermediate scale (anti-)triplets carry Q Y = ± 1 6 , respectively. Even the lowest of these choices provides too large of a contribution to δb Y , since for three exotic 3/3 pairs (1.2) and (1.3) require δb Y = 1. Hence, optical unification cannot be achieved for this model when only three 3/3 pairs acquire intermediate scale masses. This also implies optical unification is not possible for the model of [19] . The Table 5 model of [21] is another with three exotic 3/3 pairs, of which each has Q Y = ± 1 3 . Thus, the Table 5 model is similarly prohibited from optical unification.
Optical lensing might be possible in other models containing exactly three hypercharged exotic 3/3 pairs, if these pairs were of the Q Y = ± 1 6 class. Then their total contribution to δb Y would be 1 2 . The remaining contribution of 1 2 for the required total δb Y = 1 could be provided by two singlets, each with
originates in a sector for which the fermions generating the SU(3) C symmetry have antiperiodic boundary conditions, while a 3 or3 with Q Y = ± 1 6 originates in a sector for which these fermions have periodic boundary conditions. Whether or not a model can have exactly three exotic 3/3 pairs with
is under investigation [24] .
In addition to containing the set of four 3/3 pairs, three non-higgs-like doublet pairs, and one pair of singlets, which satisfies the optical unification constraints (1.1) singlets and the three extra higgs-like doublets. For successful optical unification these additional MSSM exotics must receive near string scale masses, while the optical unifying set does not.
Like the other NAHE-based standard-like models, the model of [18] , and its variations in [19, 20, 21] and herein, contain an anomalous U(1) [25] .
§ The anomalous Abelian symmetry is broken by the Green-Schwarz-Dine-Seiberg-Witten mechanism [26] , which generates a contribution, ξ, to the anomalous FI D-term in the process. A flat direction of vacuum expectation values (VEVs) of scalars is then non-perturbatively chosen to cancel the FI ξ-term, restoring supersymmetry and stabilizing the vacuum. The FI VEV scale is typically ∼ 1 10 of the string scale. Superpotential interaction of the flat direction VEVs with superfields can generate (near) FI scale masses for various states. Thus, ideally it may be possible for the six additional pairs of exotic singlets and three pairs of extra higgs-like doublets to receive FI scale masses from the flat direction VEVs, while the optical unification exotics remain massless at the FI scale.
Singlet and non-singlet flat directions of the MSHSM were constructed in [8, 9, 10 ] that give FI scale masses to exactly three out of four pairs of higgs-like doublets. For these flat directions, the physical higgs doublets h andh are formed from a linear combination of three or more h i andh i , respectively, while three orthogonal linear combinations of h i and ofh i receive FI scale mass. Similar flat directions may accomplish this for model FCREU1 also. Such flat directions must also generate § A few semi-realistic non-anomalous NAHE-based models have been constructed, such as the first two left-right symmetric models in [22] , but these have enhanced observable sector symmetries.
FI scale masses for exactly six of the seven pairs of exotic Q Y -carrying singlets. Interestingly, as Table A3 indicates, the pair of singlets denoted A 1 /Ā 1 does not follow the charge pattern of the other six. This is the singlet pair most likely to remain massless at the FI scale. To be consistent with optical unification, a flat direction must, of course, keep the four pairs of exotic MSSM triplets and the three pairs of exotic non-higgs-like doublets FI scale massless, as we have discussed. Studies of model FCREU1 perturbative flat directions and of their implications regarding masses are underway [24] . The methods of this investigation are parallel to those followed in the flat direction studies of the MSHSM [8, 9, 10] , flipped SU(5) [27, 28] , and of other standard-like and semi-GUT models [22, 23, 29, 30] located in the parameter space of NAHE-based models.
Assuming that the required exotic triplets, doublets, and non-Abelian singlets remain massless at the FI scale, an intermediate mass scale must be generated for them, perhaps through ninth or higher order mass terms resulting from flat direction VEVs or hidden sector condensation. Mass terms for specific flat directions will be studied in [24] . Alternately, for a generic SU(N c ) gauge group containing N f flavors of matter states in vector-like pairings H iHi , i = 1, . . . N f , the gauge coupling g i , though weak at the string scale M str , becomes strong for N f < 3N c at a condensation scale defined by 1) where the β-function is given by,
2)
The N f flavors counted are only those that ultimately receive masses m ≪ Λ. The hidden sector matter states of model FCREU1 are four 5/5 pairs of SU(5) H and four 3/3 pairs of SU (3) H . Any number of these states from none to all might become FI scale massive under a flat direction. Thus, β 5 could be anywhere from -15 to -11, corresponding to a SU(5) condensate scale range of 1 × 10 14 GeV to 2 × 10 15 GeV. Similarly, β 3 could be anywhere from -9 to -5, corresponding to a SU(3) condensate scale range of 1 × 10 9 GeV to 2 × 10 13 GeV. Thus, when generated by hidden sector condensation, the intermediate mass scale for the MSSM exotics could be anywhere from 10 9 GeV to 10 15 GeV.
Concluding Comments
In this letter we have discussed the possibility of achieving optical unification within a [321] heterotic string. Optical unification, recently suggested by J. Giedt [11] , would explain the apparent MSSM unification scale near 2.5 × 10
16 GeV as a "virtual image effect" of an actual unification of couplings at the string scale, ∼ 5×10 17 GeV. An intriguing aspect of optical unification is that the apparent MSSM We presented herein a model possessing the potential for optical unification. This model is of free fermionic construction in the NAHE class. Its basis vectors first appeared in [18, 19, 20] . The differences between this model and those in [18, 19, 20] result from a few changes in GSO phases. These changes produce a set of MSSM exotic states with properties strongly suggesting that optical unification may be possible within some regions of the parameter space of NAHE-based weakly coupled heterotic strings. Further research will reveal if this is indeed so [24] . Variations on [321] NAHE-Based Models.
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Table A1: Gauge Groups and MSSM Exotics Fields of Models. The second column gives the gauge group for each model. The third column entry specifies the MSSMcharged exotic matter content. An exotic's representation under SU(3) C × SU(2) L is specified by the two numbers in brackets. Hypercharge is given by the first subscript and anomalous U(1) charge is given for non-Abelian singlets by a second subscript.
GSO Phases Variations
Model Name GSO Phase Variations FCREU1 C Table A2 : New Models and Their GSO Phase Variations. Only the GSO phases differing from those of [18] are given.
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